Triaryl phosphates including tricresyl phosphate (TCP) and butylated triphenyl phosphates (BTPs) are used in the commercial manufacture of plastics, lubricants, and hydraulic fluids. Recent reports implicate these compounds as endocrine and reproductive toxicants in rodents. The objectives of this study were to develop and characterize a rat model to investigate the mechanism(s) of toxicity of triaryl phosphate-based hydraulic fluids and to elucidate potential mechanistic pathways of toxicity through studies of structural/ functional relationships. Groups of male and female rats received daily oral doses of either sesame oil alone or 1.7 g/kg of BTP or 0.4 g/kg TCP in sesame oil vehicle or 2.8 g/kg neat BTP for 20, 40, and 60 days. Light microscopic, morphometric, ultrastructural, and histochemical studies revealed hypertrophy and cholesteryl lipidosis of adrenocortical (both sexes) and ovarian interstitial cells that were progressive with duration of exposure. Minimal degeneration was observed in the adrenal cortex and ovary. TCP caused the most severe lesions in both the adrenal gland and ovary, but the morphologic and histochemical changes produced were similar for both compounds, suggesting a common mechanism of toxicity. Decreased testicular weight and degeneration of seminiferous tubules were detected only in TCP-treated rats. The Fischer-344 rat model using TCP and BTP administered by gavage is a valuable system to study mechanisms of endocrine and reproductive toxicity induced by triaryl phosphate-based hydraulic fluids.
INTRODUCTION
Triaryl phosphates such as tricresyl phosphate (TCP) are synthesized by the millions of pounds annually because of their fire resistance and excellent lubricating qualities. They are used primarily in the commercial manufacture of plastics, lubricants, and hydraulic fluids (13).
It has been recognized for some time that certain isomeric forms of these organophosphate esters (i.e., tri-ortho-cresyl phosphate (TOCP), the ortho isomer of TCP) cause neurotoxicity in humans and suscep-tible animals (2, 32) . Numerous studies have characterized the etiology and proposed mechanisms of the neurotoxicity (1, 16) . Results of such studies have focused manufacturers of these compounds on the production of nonneurotoxic isomers or mixtures with very low neurotoxic potential. Butylated triphenyl phosphates (BTPs) constitute one class of triaryl phosphates that are thought to have minimal, if any, neurotoxicity.
BTP-based hydraulic fluid is used extensively by the U.S. Navy, and the potential for human exposure is significant. Recently a comparative study of BTP-based and tri-xylenyl phosphate (TXP~based hydraulic fluids to establish Navy personnel exposure limits demonstrated that both fluids caused cytoplasmic vacuolization in the steroid-synthesizing adrenocortical and ovarian interstitial (01) cells of rats after 90 days of dosing by inhalation (35) . TXPbased fluid also caused testicular degeneration. Other studies have identified similar endocrinologic changes in rats exposed to TCP (3, 4, 17) . Functional reproductive effects also have been observed in rodents exposed to certain triaryl phosphates. Using a continuous breeding protocol (21), male and female Swiss (CD-1 ) mice (7) and Fischer-344 (F-344) male rats (23) exposed to TCP were reported to have impaired fertility. Female F-344 rats exposed to BTP-based hydraulic fluid also had decreased fertility.
These morphologic and functional alterations in the endocrine and reproductive systems of rodents exposed to triaryl phosphates add new dimensions to the potential toxicity of these compounds for humans. Understanding the mechanism of toxicity will be important in the assessment of risk of direct exposure of humans to triaryl phosphates or commercial products containing these compounds. The purpose of this study was 2-fold: (a) to develop and characterize a model utilizing the rat for investigation(s) on the mechanism(s) of toxicity of triaryl phosphate-based hydraulic fluid, and (b) to elucidate possible mechanisms of toxicity by characterization and comparison of the pathomorphic effects in the target tissues (i.e., adrenal cortex, ovary, and testis) of the rat exposed to TCP and BTP-based hydraulic fluid.
METHODS
Chemicals. Triaryl phosphates are esters consisting of 3 phenyls or alkyl-substituted phenyls bound to a phosphorus atom (Fig. 1) .
Samples of the fluids used for exposures were analyzed by gas chromatography/mass spectrometry (GC/MS) for composition of triaryl phosphates (Akzo Chemical Inc., Research Laboratory, Dobbs Ferry, NY 10522-3401). Quantitation was based on normalized total ion current. The limit of detection was 0.1 weight (wt) %/resolvable GC peak. GC columns for constituent separation of the TCP and BTP fluids were 30 m x 0.25 mm fused silica with 1.0 Am DB-5 film and 12 m x 0.25 mm fused silica column with 0.3 Am HP-1 film, respectively. GC temperature conditions were the same for both fluids : 200-290°C at 100/min with the injector at 240°C.
Compositions were reported as consistent with typical production and free of any contaminants foreign to the chemistry of the materials. Each of these fluids was a mixture of compounds representing 1 each of 2 different chemical classes of triaryl phosphates. The fluids are commonly referenced by their major component (i.e., TCP and BTP). The TCP (CAS #1330-78-5) was supplied by Akzo Chemical Inc. and the BTP-based hydraulic fluid (CAS # 115-86-6) by the U.S. Naval Shipyard, Philadelphia. The TCP was composed of mostly p-/and m-isomers of TCP and a mixture containing substantial amounts of cresyl-xylyl, cresyl-ethylphenyl, and ethylphenylxylyl phosphates. The BTP composition was predominantly p-t-butylphenyl phenyl phosphates with lesser amounts of triphenyl phosphate and m-tphenyl phosphates. No TCP containing o-cresyl groups was detected in any of the fluids.
Animals and Treatments. Designated virus-free, F-344 rats weighing 100-200 g were purchased from Harlan Sprague-Dawley (Indianapolis, IN) and maintained on rodent chow and water ad libitum for 12 days before start of the experiment. Rats were housed in a central animal holding facility in plastic cages, 3 rats per cage, over untreated hardwood chip bedding. Temperature was maintained at 22 + 3°C and relative humidity at 50-70%. Lighting was controlled automatically to maintain a 12-hr light-dark cycle.
Groups (N = 3) of randomly selected male and female rats received single daily oral doses of equal volume per kilogram of body weight of either sesame oil, 0.4 g/kg TCP or 1.7 g/kg BTP hydraulic fluid in sesame oil, or 2.8 g/kg neat BTP hydraulic fluid for 20, 40, and 60 days. Rats were weighed weekly, the weights were recorded, and doses were adjusted accordingly for the following week.
Light Microscopy. At the termination of the exposure intervals, the rats to be examined histologically were sacrificed using an overdose of halothane. The adrenal glands, ovaries, testes, and epididymides were excised. The adrenal glands and ovaries with attached oviduct were placed in 10% buffered formalin, and the testis and epididymis were fixed in Bouin's fixative. After 1 wk, the tissues were trimmed of excess peripheral fat and weighed, and the mean fixed weight was calculated for the paired adrenal glands, ovaries with oviduct, and testes. The adrenal glands were sectioned transversely at the hilus. Ovaries were sectioned midsagittally. The testes and epididymides were separated and sectioned longitudinally. Tissues were embedded in paraffin, cut at 3-4 ~m, stained with both hematoxylin and eosin as well as periodic acid-Schiffs stain, and examined microscopically.
Morphometry. Adrenal glands (N = 6, sexes combined) and ovaries (N = 3) from rats exposed for 40 days were analyzed by morphometry (Bioquant System IV, R&M Biometrics, Inc., Nashville, TN) using a drawing tube, making line measurements or counts directly from sections. Tissues were processed for microscopic examination as described in the previous section.
Cross-sectional areas of the zonae glomerulosa, fasciculata and reticularis combined, and total cor-tex of the adrenal glands of control and treatment groups were measured using a 2 x objective lens, which allowed visualization of the entire cross-section at one time. All measurements were repeated Morphometric analysis of 01 cells was done by counting the 01 cell nuclei per unit of area of predominantly 01 cells. This provided a quantitative assessment of relative cell size of this cell population in the ovary. A 1-mm2 grid was inserted into the eye piece of the microscope to facilitate counting of the nuclei. The grid was divided into 100 lo_AM2 subunits, and these subunits were areas where the nuclei were counted. Nuclei were graded for density of hematoxylin staining of chromatin (Grade 1 = dense, 2 = medium density, 3 = low density), which was strongly influenced by the plane of focus, and only Grades 1 and 2 were counted after focusing once per subunit. Grade 3 nuclei often were out of focus after initial focusing on Grade 1 nuclei. Onetime focusing ensured counting nuclei only in 1 plane of section because unit of area, not volume, was required for quantitation. Nuclei from 50 lo-AM2 subunits were counted for each section. Subunits that contained cells other than 01 cells were passed over and not used for counting. The number of nuclei per unit area of 01 cells from 2 sections (1 1 section per ovary per rat) was averaged, and the mean was used to compare nuclear counts as an expression of the relative size of 01 cells in treatment and control groups. The regions of the ovary from which counts were made were chosen randomly using a list of random numbers. Point counting was done using a 40 x objective lens. Counts were made starting with the subunit in the lower left corner moving up and down from left to right until the counting from 50 subunits had been completed. For a particular subunit, only nuclei completely within the boundaries of the subunit and those touching the left and upper boundaries were counted. This ensured that a particular nucleus was not counted more than once.
Histochemistry and Electron Microscopy. Adrenal glands and ovaries from 2 randomly selected female rats from control, TCP, and high-dose BTP groups exposed for 60 days were examined histochemically and ultrastructurally. The rats were anesthetized by intraperitoneal injection of sodium pentobarbital (4 mg/ 100 g body wt), perfused, and fixed with 2% paraformaldehyde-1.5% glutaraldehyde (pH 7.4) for 10 min using a pressure-controlled perfusion system and technique after Rossi and Bestetti (30).
FIG. I.-Chemical structure of triphenyl phosphate (TPP), the simplest triaryl phosphate. Each phenyl of TPP can be mono-, di-, or tri-substituted with a variety of short-chain hydrocarbons producing many different triaryl phosphates. These alkyl substitutions may be homogeneous or mixed and can occur at any of the 3 positions (ortho, meta, and para) present on each phenyl within the limitations of steric hindrance.
The left adrenal gland and ovary were frozen and processed for histochemistry, and the contralateral adrenal gland and ovary were processed for electron microscopy. The tissues for histochemistry were frozen in liquid nitrogen, placed in air-tight specimen ampules, and stored at -70°C. The tissues were sectioned at 10-12 jum using a cryostat microtome, and the sections were processed for the detection of cholesterol and lipid using the digitonin reaction and oil red 0 (31). After processing and staining, the sections were examined with polarized light for birefringent cholesterol-digitonin precipitates.
The glutaraldehyde-paraformaldehyde-fixed specimens for electron microscopic examination were postfixed in 2% osmium tetroxide and cacodylate buffer for 16 hr at 4°C, dehydrated in ethanol, and embedded in plastic. One-Am-thick sections were cut, stained with Toluidine blue, and examined by light microscopy. Thin sections (cut 50-100 nm) were prepared from regions identified by studying the thick sections; the thin sections were mounted on grids, stained with lead citrate, and examined ultrastructurally by transmission electron microscopy (Philips 300).
Statistics. Data were analyzed using ANOVA and multiple comparisons utilizing either the method of Scheffe or Tukey's studentized range. Factors examined in the analysis were treatment group (4 lev-FIG. 2.-Ovaries from rats exposed to 1.7 g/kg of BTP (a) and 0.4 g/kg TCP (b) for 40 days. Hypertrophied, vacuolated 01 cells arranged in solid nests and a pseudoadenomatous pattern composed of thick cellular collars els), duration of exposure (3 levels), and sex (when appropriate). If no main effect was observed for either duration of exposure or sex, and there was no interaction, one or both of these factors were combined within treatment groups for comparison of the effect of treatment.
RESULTS
Lipidosis was present in the 01 cells and the adrenocortical cells by 20 days exposure in all rats dosed with TCP and BTP (Table I) . Ovaries from treatment groups were not different macroscopically than control ovaries. There was considerable variation in the size of ovaries and oviduct with no significant differences in the combined ovarian and oviduct weights among the control and treated groups.
Ovaries of rats in all treatment groups were characterized macroscopically by a relative increase in the interstitial tissue between follicles and corpora lutea of the cortex and also the medulla. The interstitial compartment was composed of a prominent, uniform population of vacuolated 01 cells arranged in sheets and nests surrounded by anastomosing bands of fibrovascular stroma (Fig. 2a, b ). Prominent aggregations of 01 cells often surrounded atretic primary and secondary follicles, forming a pseudoadenomatous pattern. The 01 cells had a distinct cell membrane, numerous small cytoplasmic vacuoles, and a hyperchromatic nucleus with a scalloped or irregular margin. In contrast, the interstitial tissue of ovaries from control rats was composed of less distinct 01 cells without cytoplasmic vacuoles and less distinct cellular membranes. The nuclei of 01 cells in controls were less chromatic and more smoothly contoured (Fig. 3) .
A difference in the size of 01 cells among treatment and control groups, without any appearance of karyomegaly in 01 cells of exposed rats, was observed histologically (Figs. 2 and 3 ). This size difference was confirmed by morphometry ( Fig. 4) , -(c) surrounding atretic follicles (arrows). TCP-exposed ovary (b) appears most severely affected. H&E. where cell size is inferred by the number of nuclei per unit area of 01 cells. There were significantly fewer nuclei per unit area of 01 cells in the highdose BTP-and TCP-exposed ovaries compared to control ovaries. This indicates a relative increase in 01 cell size in the experimental groups compared to controls. The difference in cell size was correlated with the severity of lipidosis, with TCP-exposed ovaries being the most severely affected (Fig. 2) .
Adrenal glands were bilaterally enlarged macroscopically in male and female rats of all treatment groups compared to controls, and the adrenal cortex was characterized by a pale discoloration.
The cortex was markedly thickened in rats given BTP and TCP. The results of morphometric analysis of the enlarged adrenal cortices are illustrated in Fig.   5 . The cross-sectional area of adrenal cortex was significantly increased in all treatment groups compared to controls. The adrenocortical area of TCPexposed rats also was larger than the cortex of rats administered both levels of BTP. This effect was most dramatic in the combined zonae fasciculata and reticularis, but the zona glomerulosa of TCP-FIG. 4.-Relative size of 01 cells expressed as number of 01 cell nuclei per unit area (10 4M2) of 01 cells in rats exposed for 40 days. Number of nuclei are different from control (*p <_ 0.05, **p ~ 0.01) indicating these cells are relatively larger than similar cells from controls. N = 3 for all groups. Bar = SD. exposed rats also was significantly larger than in rats treated with BTP. The increase in the width of the cortex changed the cortex: medulla ratio from 2:1 1 in controls to approximately 4:1 and 2.8:1 in TCP and BTP groups, respectively. The degree of adrenocortical expansion was correlated with the severity of cytoplasmic lipidosis. Lipidosis was most severe in TCP-treated rats compared to those administered BTP. The lipid deposition was progressive with the duration of exposure and had a characteristic histologic pattern that was similar in rats given both BTP and TCP. After 20 days exposure, a slight to moderate enlargement of adrenocortical cells was apparent, particularly in the zona fasciculata. The enlargement of cortical cells was due primarily to the accumulation of numerous small cytoplasmic vacuoles or lipid droplets (Fig.  6a ).
After 40 days exposure hypertrophy of adrenal cortical cells was more pronounced, and after 60 FIG. 5.-Cross-sectional areas (mrn2) of adrenal cortex of rats exposed for 40 days: Males and females combined (N = 6 for all groups). A) Different than control at p -0.01. B, b) Different than TCP at p :5 0.01 and p s 0.05, respectively. Bar = SD.
FIG. 6.-Lipidosis in adrenal cortex in rats exposed to 0.4 g/kg TCP for 20 days (6a) and 60 days (6b). Cellular hypertrophy and finely alveolate, cytoplasmic vacuolization (6a) progressing to coarse vacuolization forming days cytoplasmic vacuolization had become more coarse (Fig. 6b ). Small fat droplets appeared to have fused forming 1 or more large globules that altered the contour of the cortical cells and compressed or displaced the nucleus peripherally. In scattered adrenocortical cells of the zona fasciculata, extensive accumulation of lipid caused ballooning degeneration. The nucleus was compressed by the large cytoplasmic lipid droplets resulting in hyperchromatism, pyknosis, or karyorrhexis. Cytoplasmic hyalin droplets and ruptured cell membranes were observed occasionally in these degenerate cells.
The ultrastructural changes in the 01 and adrenocortical cells in TCP-and BTP-exposed rats correlated with light microscopic alterations of fatty change (Fig. 7a-d) . The cytoplasm contained numerous lipid bodies without distinct limiting membranes. Lipid inclusions were largest and most numerous in TCP-exposed rats, often indenting the nucleus and impinging upon other organelles. Some adrenocortical cells in TCP-treated rats had only a few large lipid droplets, presumably formed by coalescent small lipid bodies that distended the cytoplasm and compressed the nucleus. Lipid inclusions present in the adrenocortical cells of BTPtreated rats were smaller and approximately the size of mitochondria (Fig. 7d) . Mitochondria, endoplasmic reticulum, and other cytoplasmic organelles appeared normal, except in the occasional degenerate adrenal cortical cell.
Histochemical staining of 01 and adrenocortical cells using the digitonin reaction and oil red 0 revealed a marked increase in cytoplasmic lipid and cholesterol in TCP-and BTP-treated rats compared to controls. These cytosolic deposits were most severe in the TCP group (Fig. 8 ).
Rats exposed to TCP for 60 days had a significant decrease in the weight of the testes (Fig. 9 ). Altered morphology of the seminiferous tubular epithelium was present in 100% of the TCP-exposed rats (Table  II) . The tubular alterations were usually mild and most consistently found in cellular profiles of the seminiferous tubules in Stages IX-XI. The germinal epithelium was characterized by mild degeneration and exfoliation of spermatocytes and spermatids (atypical residual bodies) ( Fig. 10 ) and retained basally located Step 19 spermatids. Cells undergoing degeneration were mostly scattered within the middle and inner levels of the tubular epithelium and were surrounded either by normal-appearing pachytene primary spermatocytes or spermatids, about the same size as the affected cells. Often degenera-spongiotic adrenocortical cells (6b). Zonae glomerulosa (g) and fasciculata (fj. H&E. tive exfoliated cells, larger than adjacent spermatids and interpreted to be pachytene spermatocytes or atypical residual bodies, were displaced toward the tubular lumens where cellular debris was sometimes present (Fig. 10 ). The degenerate cells were characterized by a &dquo;smudged&dquo; appearance, regions of cytoplasmic pallor, and nuclear pyknosis. Sloughed, degenerated spermatocytes, and spermatids also were prevalent in the lumen of the epididymis (Fig. 11 ), but the epididymal epithelium was normal. A decrease in sperm density in the epididymis also was evident by exposure day 40.
Occasionally, scattered tubules in rats exposed 40-60 days had more severe degeneration characterized by a decrease in number of seminiferous epithelial cells with loss of normal cell associations and the presence of spermatid-derived multinucleated giant cells and cellular debris (data not shown). Large phagocytic vacuoles also were present in the epithelium of some of the more severely affected tubules. Leydig and other interstitial cells appeared normal (Fig. 10) . Sections of the testes and epididymis from control and BTP-exposed rats had a normal architecture. Degenerate spermatocytes or spermatids were absent from epididymal lumina.
DISCUSSION
The results of this study have revealed that lipidosis in adrenocortical and 01 cells originally observed after inhalation exposure (35) using BTPand XTP-based hydraulic fluid also is consistently produced by the oral administration of the triaryl phosphates. Moreover, TCP also induced the same FIG. 10. -Testis from rat exposed to 0.4 g/kg TCP for 40 days. Mild degeneration and exfoliation of epithelium (arrows) in Segment IX of the seminiferous tubule. Note that the Leydig cells appear normal (arrowheads). Bouin's fixed. PAS. x 150. lesion implicating the triaryl phosphates or 1 or more of their metabolites as the toxic principle. TCP by the oral route also caused testicular degeneration similar to XTP when administered by inhalation exposure. These lesions were consistently produced in all rats exposed by gavage, were detectable by 20 days exposure, but more prominent by 40 days, and progressed in severity by 60 days of exposure. Because oral dosing is much less costly than inhalation methods and the lesions produced are identical by either route of administration, the F-344 rat using TCP and BTP administered by gavage will be an excellent model to study the pathogenetic mechanisms of toxicity of triaryl phosphates in the adrenal gland, ovary, and testis.
There have been numerous reports on the accumulation of excessive lipid in the adrenal cortex of the rat and other species after treatment with a variety of chemicals, including aminoglutethimide digitonides. Oil red 0 stains lipid red and demonstrates the presence of abundant cytosolic cholesterol esters or other lipid. Ovary (a, b) x 450 and adrenal gland (c, d) x 250.
FIG. 11.-Epididymis of rat exposed to 0.4 g/kg TCP for 40 days. Degenerate and necrotic spermatocytes (arrowheads) and spermatids (arrows) and low sperm density in lumen (1). Note that the epithelial lining of the epididymis is normal. Bouin's fixed. H&E.
x 150.
(10, 12), metapyrone ( 11, 34), amphenone (11, 18) , and aniline (20) . In contrast, the few published reports of chemically induced lipidosis of hypertrophic 01 cells have been attributed predominantly to exposure to triaryl phosphates (3, 4, 7, 17, 27) .
In these reports, the histopathologic lesions are described, but the pathogenic mechanisms are incompletely characterized.
A common function shared by adrenocortical and 01 cells is steroidogenesis. The principal steroid produced by 01 cells is androstenedione, which is the essential substrate required by the granulosal cells of the ovarian follicle to synthesize estradiol (14, 15). The adrenocortical cells synthesize and secrete mineralocorticoids. glucoco~-tieoids. and to a lesser extent sex steroids. Although the adrenal and ovarian lesions induced by BTP were morphologically similar to those caused by TCP, the hypertrophy and lipidosis were less severe. Because the light microscopic and ultrastructural changes, the histochemical alterations. and target cell specificity were essentially identical in this study following the administration of both TCP and BTP. it appears that these 2 chemically related compounds are affecting the adrenocortical and 01 cells by a common pathogenetic mechanism.
Cholesterol is the precursor substrate required to synthesize steroids. Steroidogenic cells obtain cholesterol exogenously from serum lipoproteins and endogenously from de novo synthesis via the acetyl coenzyme A pathway (28). The adrenocortical cell and 01 cell in the rat preferentially utilize serum high-density lipoproteins (HDLs) for their primary source of cholesterol and resort to de novo synthesis if HDL does not meet the demand of steroidogenesis (28) . This is in contrast to Leydig cells of the testis, which preferentially utilizes de novo synthesis of cholesterol and uses an exogenous source only when intracellular synthesis does not meet the demand and the cholesterol pool has been depleted (28).
If not used immediately after uptake or synthesis for steroid biosynthesis, cholesterol may be stored in the endocrine cell in lipid droplets as cholesterol esters for future steroid hormone production. The amount of storage of cholesterol esters that occurs in the same type of steroid-synthesizing cells varies among species and storage is variable among different kinds of steroidogenic cells within the same species (28). The increased cholesterol observed in the adrenocortical and 01 cells could have resulted from inhibition of steroidogenesis, increased de novo synthesis of cholesterol in target cells, increased synthesis by the liver and target cell uptake of cholesterol, and/or increased cholesterol storage.
Xenobiotics that inhibit steroidogenesis by altering the activity of 1 or more critical enzymes (i.e., aminoglutethimide, aniline, and amphenone) frequently cause ultrastructural lesions in mitochondria and/or smooth endoplasmic reticulum (SER).
It is within these subcellular organelles where the enzymes are located that are involved in steroidogenesis (6, 18, 20, 25, 26, 29) . The only significant ultrastructural change observed after 60 days exposure to BTP and TCP were numerous nonmembrane limited lipid inclusions, interpreted by histochemistry to be composed of cholesterol and cholesterol esters. Normal serum concentrations of progesterone (unpublished data.). corticosterone, and androstenedione in female rats measured by radio-
